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1, 2 Solid electrolytes comprising lithium super ionic conductor materials exhibit good safety and stability, and are promising to replace current organic liquid electrolytes. One major limitation in the application of Li-ion conductors is that their typical conductivity is less than 10 -4 S/cm at room temperature. Recently, Kamaya et al. reported a new Li super ionic conductor Li 10 GeP 2 S 12 (LGPS), which has the highest conductivity ever achieved among solid lithium electrolytes of 12 mS/cm at room temperature (comparable conductivity with liquid electrolytes), and outstanding electrochemical performance in Li batteries. 3 The high conductivity in LGPS is attributed to the fast diffusion of Li + in its crystal structural framework, which consists of (Ge 0.5 P 0.5 )S 4 tetrahedra, PS 4 tetrahedra, LiS 6 octahedra, and LiS 4 tetrahedra. Kamaya et al. proposed that diffusion in LGPS occurs along one-dimension (1D) with diffusion pathways along the c axis. 3 The authors also proposed that Li atoms in LiS 4 tetrahedra enable fast diffusion along the c direction, while Li atoms in LiS 6 octahedra are not active for diffusion. This hypothetical diffusion mechanism in LGPS has been inferred from the large anisotropic thermal factors and the Li disorder in the 1D channels, but has not been directly proven. Understanding this LGPS material is important to improve its performance, and may provide insight into designing new Li super ionic conductor materials.
Using first principles modeling, we investigated the diffusivity, stability, and electrochemical window of LGPS. We provide a hypothesis for the observed wide electrochemical window of LGPS. We also identified the diffusion pathways and calculated the corresponding activation energies and diffusion coefficient.
All calculations in this study were performed using the Vienna Ab initio Simulation Package (VASP) 4 within the projector augmented-wave approach. 5 Unless otherwise noted, all calculations were performed using the Perdew-BurkeErnzerhof generalized-gradient approximation (GGA) to density functional theory (DFT). 6 We assessed the phase stability of LGPS by constructing the quaternary Li-Ge-P-S phase diagram using all known Li-Ge-P-S compounds in the Inorganic Crystal Structure Database 7 , all Li x P y S z compounds compiled by Holzwarth et al., 10 and the calculated ground state of LGPS. As the refined structure has partial occupancies, we ordered the arrangement of Li, Ge and P atoms in LGPS using an electrostatic energy criterion. 8 Of the ten orderings with the lowest electrostatic energy, the structure with the lowest calculated DFT energy was selected as the representative ground state. The calculation input parameters are based on those used in the Materials Project 9 to leverage on the large set of computed data available in that database.
Our calculated phase diagram predicts LGPS to be thermodynamically unstable at 0K with respect to the following decomposition:
Li 10 GeP 2 S 12 → 2 Li 3 PS 4 + Li 4 GeS 4
(1)
The calculated Li 3 PS 4 ground state is iso-structural with β-Li 3 PO 4 , consistent with the earlier findings of Holzwarth et al.
Using the methodology outlined in Ong et al., 11 we plotted the lithium grand potential phase diagrams of the Li-Ge-P-S system at various lithium chemical potentials (µ Li ) of interest in Figure 1 . Lithium grand potential phase diagrams represent the phase equilibria of a Li-Ge-P-S system that is open to lithium, which is relevant when the LGPS solid electrolyte is in contact with a reservoir of lithium, as is the case in a lithium battery. The voltage in a battery is the negative of the Li chemical potential. The Li chemical potentials in Figure 1 were chosen to elucidate the key changes in the equilibrium decomposition of LGPS as we go from the bulk metallic Li chemical potential (Figure 1(a) ) to an environment where no Li-containing phases are present in the phase diagram ( Figure  1(c) ).
From Figure 1 (a), we may observe that at the metallic lithium chemical potential, we predict that the LGPS solid electrolyte will consume lithium to decompose to a combination of Li 2 S, Li 3 P and Li 15 Ge 4 . At -1.8 eV < µ Li < -2.4 eV ( Figure  1(b) ), LGPS decomposes via the equilibrium decomposition in Eqn. (1) . Finally, at even lower µ Li > -2.4 eV (Figure 1(c) ),
LGPS decomposes into P 2 S 5 , S and GeS 2 with lithium extraction. Though Kamaya et al. 3 reported that LGPS is stable for an electrochemical window in excess of 5 V vs Li/Li + with no observed electrolyte decomposition currents in that range, our calculations indicate that this material is unlikely to be stable against lithium. We propose that an alternative explanation for the wide electrochemical window of LGPS is that the decomposition of this material in contact with the electrodes result in the formation of either Li 2 S (anode) or P 2 S 5 (cathode), possibly in an amorphous form, which are components of the wellknown glassy Li-ion conductors. 12 The formation of such a Liconducting passivation layer would prevent further decomposition of the electrolyte with minimal impact on electrochemical performance. A similar solid electrolyte interphase (SEI) phenomenon has indeed been reported by Kobayashi et al. 13 for the similar Li3.25Ge0.25P0.75S4 thio-LISICON. FIGURE 2. DOS of LGPS calculated with the HSE06 functional.
We also calculated the electrochemical window of LGPS on inert electrodes using the approach outlined by Ong et al. 14 Briefly, the approach involves the calculation of the density of states (DOS) of LGPS to determine the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) energies. Given the known limitations of GGA functionals in calculating band gaps, the DOS of LGPS was calculated using the Heyd-Scuseria-Erznerhof (HSE06) functional 15 and is given in Figure 2 . We find that the HSE06 band gap is calculated to be around 3.6 eV, far smaller than the electrochemical window of > 5 V reported by Kamaya et al. Because the electrochemical window estimated using this approach is an upper limit assuming inert electrodes, this result lends further credence to our hypothesis that the excellent electrochemical stability of LGPS is not due to the intrinsic stability of the material itself, but rather the result of passivation phenomenon. 13 We believe that the loss of Coulombic efficiency in the first cycles of the solid state battery constructed with LGPS 3 is evidence of lithium consumption, which creates the interfacial decomposition products.
To study the Li diffusion in LGPS, we performed ab initio molecular dynamics (MD) simulations under the BornOppenheimer approximation. The MD simulations were performed at elevated temperatures (600K to 1500K) to speed up diffusion and shorten the simulation timescale. The time step was chosen to be 2 fs and the diffusion simulations were performed for 40 ps. No breaking of P-S or Ge-S bonds was observed during the simulations. More details about the simulations can be found in the Supporting Information.
The trajectories of Li diffusion during the ab inito MD simulations are shown in Figure 3 . From our simulations, we observe very facile Li diffusion in the 1D diffusion channels along the c direction (Figure 3 (a) ). This diffusion pathway is consistent with the hypothesis of Kamaya et al. 3 However, we also find significant Li hopping in the ab plane. Figure 3(b) shows one of these new diffusion pathways, which connect one LiS 4 tetrahedra to another LiS 4 tetrahedra in the diagonal directions in the ab plane. The diffusion in the ab plane is not surprising, because there is empty space for diffusion between the (Ge 0.5 P 0.5 )S 4 tetrahedra and PS 4 tetrahedra (Figure 3 (a) ). Yet another diffusion pathway connects Li atoms in LiS 6 octahedra site to the c-axis diffusion channels (Figure 3(c) ). This pathway in the ab plane connects the LiS 4 tetrahedra site to the LiS 6 octahedra site, which was originally regarded by Kamaya et al. as inactive for diffusion. We calculated the diffusion coefficients for all pathways found by the MD simulations. The diffusion coefficient is calculated as the averaged mean square displacement of Li atoms over time. Convergence of diffusion coefficients is achieved with approximately 40 ps of MD simulations because of the relatively fast Li diffusion in this material. Figure 4 shows the Arrhenius plot for the various diffusion coefficients at temperatures from 600K to 1500K. From Figure 4 (a), we calculate an overall activation barrier of 0.21 eV for Li diffusion in LGPS. This calculated barrier is in remarkable agreement with the experimentally determined barrier of 0.24 eV, 3 despite the fact that the ab initio MD calculations were carried out at much higher temperatures than the experiments. The calculated diffusion extrapolates to a Li + conductivity of 9 mS/cm (with a range of 2 to 40 mS/cm) at 300K, which again is in remarkable agreement with the experimental conductivity of 12 mS/cm.
From Figure 4 (b), we may observe that Li diffusion along the c direction is faster than the diffusion in the ab plane. We calculate activation barriers of 0.17 eV for the diffusivity in the c direction D c and 0.28 eV for the diffusivity in the ab plane D ab . Extrapolating from the Arrhenius plot, we find that D c is predicted to be two orders of magnitude higher than D ab at 300K. The extrapolated conductivity at 300K is around 40 mS/cm in the c direction and 0.9 mS/cm in the ab plane. Our simulations show that LGPS is in fact a 3D ion conductor rather than a 1D ion conductor. The 3D diffusion network consists of 1D diffusion channels along the c direction and inter-channel diffusion in the ab plane. This difference between 3D and 1D is significant as truly 1D conductors can not retain their good conductivity in the macroscopic limit due the inevitable presence of channel blocking defects 16 and some cross-over between 1D channels is required to bypass such defects. The fact that the activation energy for the overall Li diffusivity is between the activation energy for c-axis and abplane motion evidences that such crossovers are important for the overall transport. While diffusivity is predicted to be two orders of magnitude more facile in the c direction as compared to the ab directions at 300K, there is nonetheless significant diffusion in the ab plane as well. The predicted conductivity in the ab plane at 300K is as high as ~1 mS/cm, which is still comparable with state-of-the-art solid electrolytes.
In summary, we investigated the LGPS lithium super ionic conductor material using a variety of first principles techniques. We find that LGPS is a metastable phase in the calculated phase diagram. We also find that LGPS is not stable against reduction by lithium at low voltage or extraction of Li with decomposition at high voltage. Together with the calculated band gap of 3.6 eV, these predictions suggest that the observed electrochemical window greater than 5V of this material is likely the result of passivation phenomenon where either Li 2 S or P 2 S 5 is formed as a decomposition product.
Our ab initio MD simulations confirm fast Li diffusion in the 1D diffusion channel along the c direction, but also predict two additional diffusion pathways in the ab plane. Though diffusion in the ab plane is not as facile as in the c direction, it nonetheless contributes to the overall performance of the material. Our calculated overall activation barrier and conductivity are in remarkable agreement with the experimental values.
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